ABSTRACT While recent discoveries have paved the way for the use of genotype-guided prescribing in some clinical environments, significant debate persists among clinicians and researchers about the optimal approach to pharmacogenetic testing in clinical practice. One crucial factor in this debate surrounds the timing and methodology of genotyping, specifically whether genotyping should be performed reactively for targeted genes when a single drug is prescribed, or preemptively using a panel-based approach prior to drug prescribing. While early clinical models that employed a preemptive approach were largely developed in academic health centers through multidisciplinary efforts, increasing examples of pharmacogenetic testing are emerging in community-based and primary care practice environments. However, educational and practice-based resources for these clinicians remain largely nonexistent. As such, there is a need for the health care system to shift its focus from debating about preemptive genotyping to developing and disseminating needed resources to equip frontline clinicians for clinical implementation of pharmacogenetics. Providing tools and guidance to support these emerging models of care will be essential to support the thoughtful, evidence-based use of pharmacogenetic information in diverse clinical practice environments. Specifically, the creation of efficient and accurate point-of-care resources, practice-based tools, and clinical models is needed, along with identification and dissemination of sustainable avenues for pharmacogenetic test reimbursement.
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Pharmacogenetics involves the identification of genetic variants that influence drug response. While the science of pharmacogenetics has been studied for decades, the accumulating evidence coupled with technological advances have reached the point of supporting increasing clinical use of pharmacogenetic information to guide drug therapy decisions. For most non-specialist clinicians, germline pharmacogenetic variations that affect a drug's pharmacokinetic properties (e.g., activity of cytochrome P450 drug metabolizing enzymes), and subsequently the drug's ability to induce toxicity or elicit therapeutic effects are most likely to have clinical relevance (1) .
As scientific and technological advancements increasingly support the use of genotype-guided prescribing in clinical practice, there has been considerable debate around the optimal approach to implement clinical testing in diverse health care practices, including significant discussion regarding the timing and methodology of genotyping in a clinical environment. Specifically, there has been disagreement on whether genotyping should be performed in a reactive manner for a gene(s), with implications for a single drug at the time it is prescribed, or preemptively using a panel-based approach prior to drug prescribing, with genotype information for potentially hundreds of pharmacogenes readily available in the patient's medical record to inform future drug therapy (1) .
Proponents of a preemptive, panel-based approach cite the significant prevalence of clinically actionable genetic variants and widespread use of drugs with potential pharmacogenetic relevance (1) (2) (3) (4) . In an analysis of five drug-genome interactions in over 10,000 patients, a multiplexed test revealed an actionable variant (defined by authors as a variant that prompted clinical decision support to suggest a change in dose or medication) in 91% of genotyped patients, with more than 40% of these exposed to at least one associated medication over a 3-year follow-up period (2) . Although limitations exist for this type of study, including varying definitions of 'actionability' and limited follow up to assess actual adverse events that occurred, this and similar studies highlight the large, diverse patient population for whom preemptive genotyping could prompt a drug therapy change. As genetic information is increasingly used in routine practice, there are also unarguable clinical advantages to having genetic information available at the point of care to guide decision making in real time, as opposed to potentially delaying drug-therapy decisions with reactive pharmacogenetic testing (1, 4) . Advocates of a preemptive approach also point out that as the cost of panel-based genotyping decreases over time, preemptive testing becomes more cost-effective compared to repeated testing of one gene at a time (1) (2) (3) . However, in the current climate of little to no reimbursement for preemptive, panel-based testing, this potential cost-effectiveness benefit for preemptive testing remains a long-term possibility, rather than an immediate reality for most clinicians (5) .
Critics of a preemptive genotyping approach argue that a panel-based genotyping model that includes drug-gene pairs with varying levels of evidence and inconsistent insurance reimbursement is fundamentally flawed (6, 7) . In addition to potential patient harm that may arise from clinical decision making based on gene-drug pairs that lack robust evidence of clinical utility, critics cite potential downstream costs to the health care system incurred through interpretation, storage, use of, and patient counseling on large amounts of pharmacogenetic data (6, 7) . Notably, most current preemptive genotyping models prevent such issues by limiting genotyping to variants with the highest level of clinical evidence, such as those supported by peer-reviewed, evidence-based clinical guidelines (8) . Nonetheless, for critics of preemptive genotyping, the potential drawbacks outweigh its benefits, and these drawbacks could ultimately have a negative impact on payer reimbursement for pharmacogenetic testing and slow the adoption of testing in a clinical environment (6, 7) .
The optimal approach to genotyping in a clinical environment will likely continue to be debated for some time among researchers, clinicians, administrators, and payers. However, in spite of the complexity and validity of key points on both sides of this debate, we argue that the time has come to develop much-needed practice-based resources, electronic health record capabilities, educational strategies, and reimbursement models to support thoughtful, pragmatic, evidence-based use of the pharmacogenetic data that is increasingly available to clinicians. To do this, researchers and clinicians must a) recognize current progress in developing and implementing models of care that demonstrate the feasibility of a preemptive, panel-based approach to pharmacogenetic testing across diverse environments; b) identify clinically relevant knowledge gaps and practice-based challenges to expanding the use of preemptive testing; and c) increase efforts and resources towards developing usable solutions and practice models that overcome these barriers on a large scale.
THE CHANGING LANDSCAPE OF PREEMPTIVE, PANEL-BASED PHARMACOGENETIC TESTING
Initial models for clinical implementation of pharmacogenetic testing were largely based in academic health centers and instituted by multidisciplinary teams of clinicians, researchers, informaticians, administrators, and others (5) . Although each of these models is unique, there are notable commonalities among them, including multidisciplinary collaboration among researchers, administrators, and clinicians to build institutional infrastructure; reliance on an advisory body to integrate an evidence analysis process and development of clinical recommendations into the health system's existing formulary/medication use system; and a systematic process for genetic testing and migration of test results into the electronic health record with development of clinical decision support (5). In addition, there are examples of centers that have had institutional participation in developing and validating multi-gene arrays that target pharmacogenes most likely to be useful within that institution (9) .
Although these preemptive pharmacogenetic testing models have led to successful uptake of pharmacogenetic testing and use of these data to inform medical decision making within these institutions, some have questioned whether such approaches are scalable for the health care system at large (5). Specifically, these models have been associated with significant elements of institutional support and financial resources that enable programs to develop custom solutions to overcome implementation barriers, such as pursuing large-scale research funding, writing custom logic and language for clinical decision support, or creating new software or systems to translate and store genomic data within the electronic health record (5, 9) .
More recently, researchers and clinicians have built on these initial successes to develop scalable clinical models that can be adapted to a more widespread community-based model of care, such as in community health systems, primary care physician offices, or community pharmacies (10) (11) (12) (13) (14) . In many ways, these community-based care models have taken the essential elements needed for pharmacogenetic testing identified in early clinical academic models and developed pragmatic solutions individualized to their own practice environment to overcome implementation barriers. Such adaptations include outsourcing some aspects of preemptive, panel-based pharmacogenetic testing and interpretation to a commercial laboratory that provides evidence interpretation, recommendations for clinical decision making, an external platform to store test results, and capitated patient payment models to encourage test uptake (11, 14) ; prescriber partnership with trained physician extenders (e.g., nurses, genetic counselors, pharmacists) to communicate test results to patients (12) (13) (14) ; exploration of patient self-pay models to overcome the immediate cost barrier of preemptive testing (10, 14) ; increasing patient access by providing pharmacogenetic testing in nontraditional settings, such as community-based pharmacies and community hospitals (10, 12, 14) ; and leveraging technological advances, such as the ability to link test results to an evidence-based prescribing decision support system for clinicians (11, 14) .
SUPPORTING DEVELOPMENT OF PRAGMATIC, PREEMPTIVE PHARMACOGENETIC TESTING MODELS
It can be argued that the organic development and persistence of innovative practice models that incorporate pharmacogenetic data into clinical care across diverse health care environments demonstrates that the time for clinical use of preemptive pharmacogenetic data has already arrived. However, these emerging practice models also propel new and important questions to the forefront of the conversation around preemptive pharmacogenetic testing. Namely, given the increasing accessibility of such testing to community-based practitioners and their patients, what are the most important knowledge gaps and challenges that remain to the widespread adoption of preemptive pharmacogenetic testing and what is required to overcome these challenges? Although not a comprehensive listing of needs and challenges, we propose important and immediate steps that must be taken for clinical adoption of a preemptive pharmacogenetic testing strategy.
First, gaps in clinical knowledge and clinicians' lack of readiness to use, interpret, and apply pharmacogenetic data to clinical decision making must be recognized and addressed. These gaps extend beyond simply an understanding of discipline-specific genotype-informed drug therapy changes into a working knowledge of clinical laboratory testing (Table I) . Although frontline clinicians need not be experts in molecular pathology, as evidence supporting the clinical use of pharmacogenetic tests continues to develop, we assert that clinicians do need to have an awareness of factors that influence the interpretation and application of pharmacogenetic test results.
In the short term, development of clinical decision support tools within the electronic health record to provide distilled, patient-specific information and education at the point of care will be crucial to overcoming this and other knowledge barriers (3, 15, 16) . Specifically, mechanisms must exist within the EHR to allow for documentation, interpretation, and storage of genetic data with appropriate drug-specific recommendations provided at the point of prescribing and/or dispensing (15) . Clinical laboratory tools or platforms that are selfcontained or able to be integrated into the existing EHR are in use in some specialty areas (e.g., oncology) and may be an option to bridge this gap in some practice environments. However, integration of meaningful, durable clinical recommendations into the EHR is particularly challenging in pharmacogenetics given the growing evidence base for clinical utility with some gene-drug pairs, the changing nomenclature (e.g., star-allele naming conventions) for communicating pharmacogenetic test results, and ethical and legal concerns that may arise regarding tested pharmacogenetic variants that are later found to be clinically relevant.
Until these and other challenges are overcome, it is essential that clinicians are aware of and equipped with practicebased resources that can be used to guide clinical decision making in pharmacogenetics. In the current climate of direct-to-consumer and direct-to-clinician marketing of pharmacogenetic testing panels, we project that clinicians in the primary care setting will be at the forefront of considering and ordering these tests. For these clinicians, there is an immediate need to assess options for genotyping; to understand ethical, legal, and social implications of pharmacogenetic testing; and to be aware of documentation and/or patient education needs with return of test results. This need is increasingly being met by the development of practice-based resources targeted to clinicians. To date, the Clinical Pharmacogenetics Implementation Consortium (CPIC) has published 19 guidelines for clinically actionable gene-drug pairs that address barriers to implementation of pharmacogenetic tests into clinical practice. CPIC uses a standardized, peer-reviewed, process and systematic evidence rating to develop guidelines that translate pharmacogenetic test results to prescribing recommendations for specific medications (8) . CPIC guidelines, along with practice-based informatics and other implementation tools for individual gene-drug pairs, are available at cpicpgx.org. A collection of clinical guidelines, including those from CPIC, the Dutch Pharmacogenetics Working Group, and the Canadian Pharmacogenetics Network for Drug Safety; supporting scientific evidence; and pharmacogenetic information included in the approved drug label are also freely available to clinicians through the Pharmacogenomics KnowledgeBase (www.pharmgkb.org). These resources can be invaluable to the frontline clinician, but it is essential that clinicians are aware of and know how to use them in practice (17) . In the long term, a significant shift in undergraduate and continuing medical education is needed from teaching about genetics in a knowledge-based manner to equipping trainees and clinicians to apply and use genetic and pharmacogenetic data in applications-based routine practice (17) . Educational and practice-based competencies and other efforts are in place to help move these efforts forward, but there is a continued need for novel teaching resources and approaches to increase the accessibility and clinical relevance of educational materials. A growing number of online resources exist to meet these educational needs, including the NIH-funded Genetic and Genomics Competency Center (http://genomicseducation. net/), the Global Genetics and Genomic Community (http://genomicscases.net/en), practice and educational resources developed by multi-site collaborative efforts supporting genomic medicine implementation (e.g., IGNITE Network [www.ignite-genomics.org]).
Most importantly, there is an immediate need to develop and disseminate sustainable reimbursement models for preemptive, panel-based pharmacogenetic testing that are cost effective for providers, payers, and patients. Although there are examples of reimbursement for pharmacogenetic testing for individual gene-drug pairs in targeted populations (e.g., TPMT testing for thiopurine prescribing in patients with acute lymphoblastic leukemia, CYP2C19 testing to guide antiplatelet therapy after percutaneous coronary intervention, or HLA-B*15:02 testing to predict risk for carbamazepine-induced severe cutaneous reactions), insurance reimbursement for panel-based preemptive testing remains limited. In addition, the path to pursuing reimbursement for pharmacogenetic testing is often complex, and few resources exist to guide clinicians down a road that leads to a successful practice and billing model for pharmacogenetic testing (18, 19) .
A significant challenge in the development of reimbursement models for preemptive pharmacogenetic testing is limited real-world knowledge regarding the cost-to-benefit ratio of preemptive versus reactive pharmacogenetic testing that payers can use to meaningfully inform economic modeling (i.e., the number of patients needed to genotype preemptively to prevent one adverse event or rehospitalization). In addition, economic models that place a Bvalue^on changes in outcomes are heterogenous and go beyond cost-effectiveness analyses alone.
Efforts to quantify some important measures, such as the frequency of exposure to relevant medications in patients who have pharmacogenetic variants, and therefore may benefit from preemptive testing, are expanding to include more diverse settings (2, 4) . For example, a recent retrospective analysis of EHR data in a safety-net health system found that 7039 patients across a 73-site system initiated a prescription for at least one of 30 clinically actionable pharmacogenetic medications during the 12-month study period (the most common identified medications included tramadol, clopidogrel, and codeine) (20) . As costs of panel-based genotyping become comparable to or even lower than single-gene assays because of the ability to batch samples from multiple patients to genotype together, it is logical that a preemptive model would become increasingly cost effective on a large scale, but definitive data supporting this assumption do not exist.
While additional information is needed to address this crucial element to preemptive pharmacogenetic testing, a number of innovative payment models are being explored to meet immediate patient care needs, including patient self-pay, capitated-risk models, integration of pharmacogenetic testing into self-funded health care systems, and pursuit of expanded coverage for panel-based testing by third party payers through traditional avenues of obtaining necessary Current Procedural Terminology (CPT) and other codes for test reimbursement. Increased awareness and exploration of these models among clinicians, administrators, researchers, and payers is needed to help support further advancement in this area. As with the growing body of educational resources, innovative practice models are being developed and adopted internationally that incorporate preemptive testing in a real-world billing and practice environment, including collaborative efforts led by members and affiliate sites of the IGNITE (www.ignitegenomics.org) and eMERGE (https://emerge.mc.vanderbilt. edu/) networks in the United States, the Ubiquitous Pharmacogenomics program (http://upgx.eu/) in Europe, and others.
CONCLUSION
With the emergence of pharmacogenetic testing in clinical practice in recent years, the debate and questions surrounding preemptive, panel-based pharmacogenetic testing over a reactive genotyping approach are shifting and intensifying. Instead of asking whether or not preemptive testing should be incorporated into clinical care, many clinicians are increasingly aware such testing is at their fingertips and are asking how do I order a pharmacogenetic test and how best can I use these data in my practice? There are significant needs within the health care system that must be bridged to equip clinicians with the knowledge and skills needed to use such testing routinely in their clinical practices. These are important not only for those in the primary care setting, who are likely at the forefront of ordering pharmacogenetic testing, but also for those in specialty care who may be faced with prescribing decisions for patients with available pharmacogenetic information.
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